Hydrous zirconia particles were prepared from ZrOCl 2 aqueous solution using an electro-dialysis [ED] process. For the preparation of (Zr,Y)(OH) 4 precipitates, 3 mol% YCl 3 was added into ZrOCl 2 aqueous solution. During the hydrolysis of 0.5 mol/L (Zr,Y)OCl 2 solution at 90 o C a slurry solution was obtained. The ED process was used for the removal of chlorine from the slurry solution. Two kinds of slurry solution were sampled at the beginning and end of the ED process. The morphology of hydrous zirconia particles in the solution was observed using an inverted optical microscope and an FE-SEM. The hydrous zirconia particles were nano-crystalline, and easily coagulated with drying. Yttrium stabilized zirconia [YSZ] powder could be obtained by the calcination of (Zr,Y)(OH) 4 precipitates prepared from a (Zr,Y)OCl 2 solution by the ED process. The coagulated dry powders were shaped and sintered at 1500 o C for 2 h. The sintered body showed a dense microstructure with uniform grain morphology.
Introduction
tabilized tetragonal zirconia polycrystal [TZP] ceramics are extremely tough and mechanically strong, and the hydrolysis of ZrOCl 2 solution 1-6) is a typical process for preparation of TZP powders. An aqueous solution of ZrOCl 2 is mixed with stabilizing components of Y, Ce, Ca, and/or Mg salt compounds, 7, 8) and the mixed solution is hydrolyzed to make hydrous zirconia particles. The prepared nano-particles are then dried and calcined for final processes such as forming and sintering. In particular, the quality of TZP granule powders is greatly influenced by the process used to form the hydrous zirconia. According to Clearfield, 1,2) the aqueous ZrOCl 2 solution was hydrolyzed at pH 1-2.5 by the addition of aqueous NH 4 OH ( Fig. 1 ) and monoclinic, nanocrystalline particles of hydrous zirconia were formed. According to Hevesy, 9) hydrous zirconia particles were prepared in ZrOCl 2 at a concentration of 0.055 mol/L, and their morphology, as observed by TEM, was nano-crystalline with a diameter of 50 nm. From primary particles of hydrous zirconia, a crystalline structure was formed as a result of strong aggregation of monoclinic crystal nuclei (≤ 10 nm diameter).
10)
In this research, the aqueous solution of (Zr,Y)OCl 2 was hydrolyzed, and then an electro-dialysis [ED] process 11, 12) was applied to the solution. The use of the ED process for the (Zr,Y)OCl 2 solution was very effective for preparing hydrous zirconia particles without chlorine residue. The particle morphology of the prepared hydrous zirconia was determined using an optical microscope and an FE-SEM. The hydrous zirconia particles thus obtained were dried and shaped for investigation of their sintering behavior. The sin- tered samples were very dense and their grain size was uniform. In order to control the hydrolysis process, the acid dissociation of the ZrOCl 2 solution 3-6) was investigated. Fig. 2(a) (Fig. 2(a) ) and the slurry particles were barely visible in the solution. Next, the slurry solution was transferred into the ED membrane reactor (Fig. 3) to remove the chlorine through the ED process.
Experimental Procedure
Reference samples were prepared at pH 2.0 -4.0 (Fig. 2(c) ) using the precipitation process. We used 0.5 M aqueous solution of (Zr,Y)OCl 2 and the alkali solution was a mixture of 40 mL NH 4 OH and 190 mL DI H 2 O. Their pH values were estimated to be pH 1.44 and pH 10.75 at room temperature, respectively. Both solutions were dripped into a beaker being stirred by a Masterflex pump and pH controller. 13, 14) The droplets of both solutions were precipitated at pH 4.0 and it took about 70 min for the full consumption of solution of (Zr,Y)OCl 2 . The volume was considerably larger than that of the precipitates prepared at pH 1.2. The precipitates were washed in a vacuum aspirator using DI H 2 O and a glass filter. The sample weights were found to be 6.7608 g and 4.5382 g after drying at 100 o C, and calcination at o C, respectively. The weight loss after calcination was 32.87%. The sample prepared at pH 2.0 showed a weight loss of 28.157%. The sample weights were found to be 5.0239 g and 3.6093 g after drying at 100 o C, and calcination at 1050 o C, respectively. As plotted in Fig. 2 (d) the weight change of the reference samples was much greater than that of the precipitates obtained at pH 1.2 by the ED process. The precipitates prepared at pH 1.2 were nano-crystalline and the ED process was very effective at chlorine removal.
Removal of Cl
− from the hydrous zirconia solution in the ED reactor A mixed solution of hydrolyzed (Zr,Y)-OH-Cl was transferred into a reaction chamber with a cathode (Fig. 3 ). An anion membrane [AMV, Selemion, Asahi Chemical] in the ED reactor was used for Cl − exchange. Under DC power the Cl − ions in the cathode reactor moved into the anode chamber via ion exchange through the AMV membrane. The reactor was made using a transparent HDPE plastic container to which the AMV membrane was bonded to the inner surface using additives [3M DP-8005]. Pt and Ti electrode sieves were used as the anode and cathode. During the de-chlorination process, the reaction temperature increased and temperatures above 40 o C can result in the rapid degradation of ion change membrane. In order to protect the ion exchanging ability of the membrane, the aqueous solution of the anode reactor was periodically flushed with fresh DI water. During the entire ED reaction, the temperature of reaction chambers was kept under 40 o C to preserve the membrane quality. The flow of water at the inlet and outlet was operated at pH values above 3.0 in the cathode chambers, and above 5.0 in the anode chamber. The DC power was operated in the range of 20 -50 V and 1.0 -5.0 A using an automatic I-V controller [power supply GP4505-DU, Gold Star]. After 2 h of the ED reaction, gellike particles could be observed in the transparent solution. The amount of gel-like particles increased with increasing de-chlorination time. Eventually, the slurry solution got highly viscous and the color got yellowish. The maximum current value decreased with increasing ED-reaction time and solid white particles were visible an hour after the appearance of the above-mentioned gel-like particles. As the number of solid white particles increased, the slurry solution got less viscous. After one day, the de-chlorination current dropped under 0.03 A. This was considered an indication of the completion of the ED reaction. After termination of the ED reaction, the hydrous zirconia precipitates in the main reactor were transferred into a beaker and stirred for several hours. The hydrous zirconia precipitates were washed in a vacuum filter using DI H 2 O, and finally in a solution of ethyl alcohol to control particle coagulation.
The
O 2 (x = 0.03 mole%) powder was obtained. The YSZ powders were mixed with a small amount of PVA binder and pressed uniaxially using a stainless-steel mold. The shaped sample was pre-sintered at 1100 o C for 2 h and the samples obtained were finally sintered at 1500 o C for 2 h.
Characterization
During the de-chlorination process, a small amount of the slurry being formed was extracted from the main reactor and the slurry morphology observed using an optical microscope [OM, Olympus IX51] and FE-SEM [Hitachi, S-4800]. During the OM observation the slurry solution gradually dried and its morphology changed. One of the recorded virtual OM images is presented in Fig. 4(a) and (b) . XRD [Bruker, M18XCE] was used to characterize the dried powders after termination of the ED process. The microstructure of the sintered body was determined using the FE-SEM. 
Results and Discussion

Preparation of hydrous zirconia
The overall hydrolysis of the solid zirconyl chloride can be summarized as:
Equations (1) In this experiment we prepared an aqueous solution of hydrous zirconia at a ZrOCl 2 concentration of 0.5 mol/L.
The hydrolysis and precipitation reaction is as follows:
The precipitation reaction in Equations (3) - (5) can be compiled as follows:
A hydrous zirconia sol was synthesized by boiling the aqueous solutions at 90 o C for 2 h in a flask with a reflux condenser. An excess of HCl and NH 4 OH was added to the ZrOCl 2 aqueous solution, in which H + and Cl − ions are influencing the formation of secondary particles. [3] [4] [5] [6] [15] [16] [17] [18] [19] [20] The hydrous zirconia sol was then transported to the ED reactor (Fig. 3) . The ED process was very effective for removal of Cl − ions from the precipitates to make pure zirconia products. Fig. 4(a) shows an in situ observation image for a liquid drop of slurry sample, which was picked up from the ZrOCl 2 solution during its hydrolysis at 90 o C. A drop of fine hydrous-zirconia particles was put on a slide in an inverted optical microscope [OM] . During observation, the in situ morphology changed as the particles dried and these changes were saved as a dynamic image file. Fig. 4(b) shows one of the OM images of a slurry sample at the end of the ED process. The enlarged image in Fig. 4(b) shows nanocluster aggregates composed of ~100 nm particles. The dimensions of the cluster aggregates was estimated to be from 5 to 20 µm. It is thought that particles as large as ~100 nm might be formed by coagulation of ~30 nm sols. In Fig. 4(a) and (b), we can observe several kinds of nano clusters and μm-sized aggregates. This means that various kinds of hydrous-zirconia complexes exist in chlorinated water. The zirconia polymeric sols are changed to gel state by removal of Cl − by the ED process. The hydrous precipitates are formed during the transformation of polymeric sol-gel. Figure 4 (c) shows FE-SEM images of the morphology of the dry samples of hydrous zirconia particles obtained at the end of de-chlorination by the ED process. Note that this morphology shows a uniform distribution of nano-particles having diameters of 5 -7 nm. The uniform nano-particles coagulate during drying. It is important to control particle coagulation in order to produce uniformly-distributed powder granules for sample shaping in the sintering process.
During the de-chlorination process the tetramer complex form, [ ] supersaturated nucleation occurs, and crystal nuclei will form and grow to become nano-crystalline particles. lization process, the slurry solution in the ED reactor was slowly stirred. As crystallization proceeded the slurry-solution got less viscous and more easily stirred. Full de-chlorination took 10 h, as indicated by the appearance of the current value of 0.03 A. This means that the Cl − ions attached to the zirconia complex were not as easy to dissociate as free Cl − ions. It seems that the nano-cluster aggregates in Fig. 4 (b) were organized by coagulation of nanoparticles, which were prepared from polymeric hydrous zirconia. The phase-change from polymeric zirconia sol-gel to nano-crystalline particles was greatly activated by the ED process, which was removing Cl − ions from the complex compound. For investigating the morphological kinetics of the hydrous zirconia complexes, the hydrous radius and zeta potential determined by laser scattering would be better, and the results will be discussed with the above-mentioned OM micrographs in another publication. From Fig. 4(c) , it can be seen that the particle size of zirconia powders is 5 to 7 nm. In this experiment the hydrous zirconia slurries were stirred in a beaker for an hour after termination of the de-chlorination process, and finally a solution of ethyl alcohol was added to uniformly disperse the slurry particles.
Yttrium stabilized zirconia powders and sintering
23) The slurry solution was washed using a vacuum filter and the slurry paste so obtained was dried at 70 o C in a drier for 10 h. Yttrium-stabilized zirconia [YSZ] powders could be obtained by the calcination of (Zr,Y)(OH) 4 precipitates prepared by the ED process. From the XRD analysis in Fig. 5(a) the zirconia powders calcined at 675 -800 o C showed a tetragonal phase with a minor amount of monoclinic phase.
21-23)
Tetragonal phase intensity gradually increased with the increase of firing temperature, and the XRD intensity of the monoclinic phase decreased. In Fig. 5(b) , it can be seen that the body sintered at 1500 o C showed critically-tetragonal peak patterns. The sintered body showed a highly dense microstructure with uniform grain.
The SEM images in Fig. 6 show the microstructure of samples of YSZ-pH 1.18 and YSZ-pH 1.21 sintered at 1500 o C for 2 h. The powder samples of YSZ-pH 1.18 and YSZ-pH 1.21 were prepared at pH 1.18 and pH 1.21, respectively. In Fig. 6(a) , the YSZ-pH 1.21 sample shows locally exaggerated grain growth due to particle coagulation. The grain growth might be greatly affected by particle coagulation during drying. Additionally, there could be other influential factors such as the uniform-shaping density for the sample bodies. In Fig. 6(b) , exaggerated grain growth is well observed. In the enlarged picture, several µm-sized grain surfaces are three-dimensionally connected with smaller grains. One µm sized grain was attached to the surface of several other µm-sized grains. The size distribution of one µm sized granule is between 500 nm and 900 nm. From these results, the appearance of abnormal grain might be due to particle coagulation. Controlling particle coagulation should yield highly dense bodies with uniform grain size, after sintering at 1500 o C.
Conclusions
Hydrous zirconia particles were synthesized by hydrolysis of ZrOCl 2 solutions and the in situ morphology of the hydrous zirconia sol was observed under an optical microscope. The polymeric zirconia sol was de-chlorinated using the ED process and pure YSZ powders without Cl¯ were obtained. FE-SEM images showing the microstructure of the pure YSZ particles showed the aggregation of nano particles. The sintered body prepared using the YSZ powders showed higher density and good uniformity in the grain microstructure.
